Partial hepatectomy (PH) in animals is a classical model for the investigations of biochemical pathways that control liver proliferation after surgeries (4) . A commonly useful model of liver regeneration includes a removal of 70% of liver. The remaining liver proliferates and restores its original size (4, 6, 10, 12) . The initiation of cell cycle in regenerating livers has been intensively investigated, and the major pathways of the initiation have been elucidated (4, 6) . In addition to this step, liver proliferation requires removing a negative control, which is supported by certain liver-specific proteins and by retinoblastoma protein (Rb) family proteins (pocket proteins). These pocket proteins display their growth-inhibitory activities via interaction with E2F transcription factors and through the formation of complexes that occupy promoters and repress expression of S-phase and mitotis-specific genes (3) . Quiescence in the liver is also supported by growth-inhibitory activity of a transcription factor, CCAAT/enhancer-binding protein alpha (C/EBP␣). C/EBP␣ is a strong inhibitor of proliferation of cultured cells, and it is also required for the inhibition of liver growth. Ablation of C/EBP␣ in animals leads to an increased rate of proliferation in the liver and in cultured hepatocytes derived from C/EBP␣ Ϫ/Ϫ livers (5, 21, 23, 24) . Although C/EBP␣ is a transcription factor, C/EBP␣ displays its inhibitory activity through interactions with cell cycle proteins such as cyclin-dependent kinase 2 (cdk2), cdk4, Rb, E2F, and Brm (9, 13, 15, (24) (25) (26) (27) . A number of recent papers revealed that the ability of C/EBP␣ to cause growth arrest is regulated on several levels. In addition to transcriptional regulation of C/EBP␣ mRNA and regulation of protein stability (20) , certain cellular transduction pathways are able to activate or inhibit activities of C/EBP␣ without changing the protein levels of C/EBP␣. Ross et al. have recently found that the extracellular signal-regulated kinases 1 and 2 inhibit C/EBP␣-mediated differentiation of granulocytes through phosphorylation of C/EBP␣ at Ser21 (17) . The authors demonstrated that this pathway regulates C/EBP␣ activities in a tissue-specific manner; it operates only in myeloid cells but does not affect C/EBP␣ activities in other cells such as adipocytes (17) . We have recently found a pathway that blocks growth-inhibitory activity of C/EBP␣ in hepatoma cells and in liver tumors. The activation of phosphatidylinositol 3-kinase (PI3K)/Akt in liver tumors leads to accumulation of protein phosphatase 2A (PP2A) in nuclei where PP2A dephosphorylates C/EBP␣ on Ser193 and blocks its growth-inhibitory activity (25) . This PI3K/Akt-mediated block of C/EBP␣ inhibition leads to the lack of negative control of proliferation in liver and to development of tumors (25) . These examples clearly demonstrate that certain signal transduction pathways regulate C/EBP␣ activities on the level of posttranslational modifications.
In this paper, we identified a new function of C/EBP␣: acceleration of proliferation, which is opposite to that previously described for this protein. We found that the choice of a biological function of C/EBP␣ is achieved by phosphorylationdephosphorylation of a single Ser193 residue within the C/EBP␣ growth-inhibitory region. Phosphorylated C/EBP␣ binds to cdk2 and Brm and inhibits proliferation, while Ser193-dephosphorylated C/EBP␣ accelerates proliferation via sequestering Rb. These findings show that phosphorylation-dependent switch of biological activities of C/EBP␣ not only eliminates C/EBP␣-mediated negative control of proliferation but also neutralizes growth-inhibitory activity of Rb through sequestering Rb from E2F-Rb complex repressors. This phosphorylation-dependent neutralization of two negative regulators of liver proliferation, C/EBP␣ and Rb, contributes to liver proliferation after surgical resections and to development of liver tumors.
MATERIALS AND METHODS
Materials and plasmids. Antibodies (Abs) to C/EBP␣ (14AA and N19), cdk4 (C-22), cdk2 (M2), Brm, and Rb (C-15) were purchased from Santa Cruz Biotechnology. Expression vectors for wild-type (WT) mouse C/EBP␣ and mutations were described in our previous paper (25) . A short growth-inhibitory region of human C/EBP␣ (hGIR) was generated by fusing a synthetic DNA oligomer (amino acids [aa] 182 to 207) to AUG codon on the 5Ј end and cloning it into the KpnI and NotI sites of a pcDNA6/myc-His expression vector.
Human liver tumor samples and liver regeneration. Human liver samples were obtained as part of an institutional review board-approved protocol, where tumor and normal sections were collected from resected samples. A detailed characterization of these tumors was presented in our previous paper (25) .
Transient transfection assay. Analysis of C/EBP␣ growth arrest was performed with 3T3-L1 cells, HT1080 cells, and Rb-deficient SAOS2 and C33A cells with pAdTrack-C/EBP␣ mutants. In experiments with pAdTrack-C/EBP␣, the inhibition-acceleration of cell growth was calculated by counting the number of cells appearing green under fluorescence microscopy in each colony. This procedure is described in detail in previously published papers (9, (25) (26) (27) . The present study presents data of three to four independent experiments. From 200 to 300 colonies were examined in each experiment.
BrdU uptake. SAOS2 cells were transfected with pAdTrack-C/EBP␣ constructs. Control cells were transfected with an empty pAdTrack vector. Twentyfour hours later, bromodeoxyuridine (BrdU) was added for 1 h, and cells were fixed and stained with monoclonal Abs to BrdU. DAPI (4Ј,6Ј-diamidino-2-phenylindole) staining was performed to visualize nontransfected cells. The manuscript presents data obtained from three independent experiments. The percentage of BrdU-positive cells is shown as a summary of these experiments.
Generation of C/EBP␣ recombinant adenoviruses. pAdTrack-C/EBP␣ constructs and pAdEasy-1 vector were cotransformed into BJ 5183 cells. Recombinant virus DNAs were selected from the kanamycin plates. The recombinant adenoviruses were packaged and produced in HEK 293 cells. Purified high-titer virus supplies were used in culture cell infections as previously described (7) .
Protein isolation and Western blotting. Nuclear extracts (NEs) were isolated as described in previous papers (22) (23) (24) . Briefly, livers were homogenized in low-salt buffer and centrifuged at 12,000 rpm for 10 min at 4°C. Nuclei (in pellet form) were incubated for 30 min on ice with high-salt buffer B (20 mM Tris-HCl [pH 7.5], 25% sucrose, 0.42 M NaCl, 5 mM dithiothreitol, 2 mM MgCl 2 , 0.2 mM EDTA). After centrifugation, the supernatant (NE) was frozen and kept at Ϫ80°C. Proteins (30 to 50 g) were loaded onto an 8 to 16% polyacrylamide gel, transferred onto the membrane, and probed with antibodies to C/EBP␣, cdk2, cdk4, Rb, E2F4, or Brm. To verify protein loading, each filter was reprobed with ␤-actin and then stained with Coomassie blue. Two-dimensional (2D) gel Western blotting. C/EBP␣ was immunoprecipitated from transfected cells with specific Abs (N19; Santa Cruz Biotechnology). Immunoprecipitates (IPs) were separated by 2D gel electrophoresis with Protean IEF (Bio-Rad), and C/EBP␣ was transferred on the membrane and probed with rabbit Abs to C/EBP␣ (14AA; Santa Cruz Biotechnology).
Gel shift with C/EBP␣ probe. Conditions for a gel shift assay with a bZIP probe are described in our earlier papers (22) (23) . Briefly, DNA oligomer containing a C/EBP consensus site within the C3 promoter (bZIP) was labeled by Klenow and [␣-32 P]dCTP. A total of 5 to 10 g of NEs from livers were incubated with the probe in the binding buffer containing 25 mM Tris-HCl, 100 mM KCl, 5 mM dithiothreitol, 10% glycerol, 2 mM MgCl, 2 g of poly(dI-dC) nonspecific competitor-reaction mixture, and 50,000 cpm of the probe. DNAprotein complexes were separated by nondenaturing 5 to 6% polyacrylamide gel electrophoresis in 0.5ϫ Tris-borate-EDTA buffer. After electrophoresis, the gel was dried and exposed to X-ray film.
E2F gel shift. Conditions for the E2F gel shift assay are described in our previous papers (9, 24) . Briefly, E2F probes (see Fig. 5 ) were labeled with dCTP in the reaction mixture with Klenow enzyme. E2F probes were incubated with NEs (5 to 10 g) in binding reaction mixtures that had a composition similar to that described above for C/EBP␣. Salmon DNA was used as the competitor in the E2F binding reaction mixtures. Binding reaction mixtures were separated by a native 5% polyacrylamide gel.
Coimmunoprecipitation (Co-IP) and GST pull-down. C/EBP␣ was immunoprecipitated from NEs with polyclonal Abs (14AA; Santa Cruz), and the presence of Rb, Brm, E2F4, cdk4, or cdk2 in C/EBP␣ IPs were examined by Western blotting with monoclonal Abs to the proteins mentioned. Glutathione S-transferase (GST)-C/EBP␣ constructs were generated, and a GST pull-down assay was performed as described previously (24) (25) (26) (27) .
Chromatin immunoprecipitation. The chromatin immunoprecipitation (ChIP) assay was performed with cultured cells and with liver tissues as described in a previous paper (9) . The chromatin solution was sonicated to obtain DNA fragments of 500 to 1,000 bp in length. Abs against C/EBP␣ (14AA), E2F1 (sc-193), and E2F4 (purchased from Santa Cruz) were added to each aliquot of chromatin and incubated overnight. Blocked protein A-agarose (Sigma) was added and incubated for 30 to 40 min at room temperature. After the crosslinking proteins were removed, DNA was precipitated and used for PCR with primers specific for E2F-dependent promoters. The sequences of the primers for c-myc and dihydrofolate reductase (DHFR) promoters were published in a previous paper (9) . PCR mixtures were amplified for 1 cycle of 95°C for 5 min, annealing temperature for primers for 5 min, and at 72°C for 2 min. PCR mixtures were then amplified for 34 cycles of 95°C for 1 min, annealing temperature for 2 min, and 72°C for 1.5 min. PCR products were separated by 1.5% agarose gel electrophoresis.
RESULTS
Dephosphorylation of C/EBP␣ at Ser193 in proliferating livers creates a new activity of C/EBP␣, which is the acceleration of cell proliferation. The growth-inhibitory function of C/EBP␣ in quiescent livers is mediated via direct inhibition of cdk's and through E2F repression (9, 13, 15, (25) (26) (27) . In proliferating livers, C/EBP␣ activity is eliminated by dephosphorylation of Ser193, which blocks the interactions of C/EBP␣ with cdk2 and Brm (25) . A typical picture of C/EBP␣ isoforms in quiescent and proliferating livers is shown in Fig. 1A, left) . Although the dephosphorylated C/EBP␣ does not interact with cdk's and Brm, it still possessed two active regions: the Rb-interacting region and the DNA binding domain, both of which might affect cell proliferation (Fig. 1A) . Therefore, we investigated the effects of these regions (activities) on cell proliferation when the growth-inhibitory region of C/EBP␣ was neutralized by dephosphorylation. Our previous studies (27) identified a signal transduction pathway, PI3K/Akt/PP2A, which dephosphorylates Ser193 in cultured cells and creates a C/EBP␣ molecule identical to that in proliferating livers (Fig.  1C) . To investigate the activities of dephosphorylated C/EBP␣, we initially performed experiments with 3T3-L1 cells, since the PI3K-Akt pathway (which triggers dephosphorylation of Ser193) is not active in these cells but may be induced by insulin signaling (8, 9, 16, 17, 25) . 3T3-L1 cells were transfected with empty pAdTrack plasmid and with pAdTrack-WT-C/ EBP␣ plasmid (which expresses green fluorescent protein and C/EBP␣). Cell proliferation in green-fluorescing cells treated or untreated with insulin was examined. Results of these studies are shown in Fig. 1B to D. Western blotting with ph-S473-Akt Abs showed that insulin activates the PI3K/Akt pathway in 3T3-L1 cells (Fig. 1B) . 2D gel electrophoresis of C/EBP␣ revealed that insulin dephosphorylates C/EBP␣ on Ser193, but protein levels of C/EBP␣ are not altered ( Fig. 1C and D) . Examination of cell numbers in each colony showed that the activation of PI3K/Akt by insulin led to an accelerated rate of growth in cells transfected with WT C/EBP␣, while untreated control cells were arrested by C/EBP␣ (Fig. 1D) . These data are consistent with observations obtained with a C/EBP␣-S193A mutant, which mimics dephosphorylated state of C/EBP␣ and also accelerates cell proliferation (25) .
Since our growth arrest-growth promotion assay included the visualization of green-fluorescing cells, we performed control studies to ensure that the appearance of single green cells was the result of growth arrest and was not related to the cell death. For this goal, we determined if cells arrested by C/EBP␣ might proliferate after insulin-mediated release of C/EBP␣ growth-inhibitory activity. 3T3-L1 cells transfected with WT C/EBP␣ were kept on plates for 2 days, and then insulin was added to the plates. Figure 1E shows that C/EBP␣-arrested cells were viable and started proliferation again if C/EBP␣ growth-inhibitory activity was blocked by insulin. Western blotting of C/EBP␣ with protein extracts from experimental plates revealed that the insulin-mediated release of C/EBP␣ growth arrest did not involve alterations in protein levels of C/EBP␣ (Fig. 1E, right) .
Taken together, these studies revealed that PI3K/Akt-dependent dephosphorylation of C/EBP␣ at Ser193 creates a new function of C/EBP␣, which is the acceleration of cell proliferation. We next performed a careful examination of molecular pathways by which dephosphorylated C/EBP␣ accelerates proliferation. 
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Disruption of E2F-Rb complexes by Ser193-dephosphorylated C/EBP␣ correlates with accelerated proliferation. Since the Ser193-dephosphorylated C/EBP␣ contains an intact Rbinteracting region (Fig. 1A) , we examined the hypothesis that this interaction might be involved in growth promotion activities of the Ser193-dephosphorylated C/EBP␣. To test this hypothesis, we first analyzed E2F-Rb complexes in cells expressing C/EBP␣ under conditions that dephosphorylate C/EBP␣ at Ser193 and block the growth-inhibitory activity of C/EBP␣. Since transient experiments have a limited efficiency of transfection, we utilized a previously described stable clonal line, HT1, in which C/EBP␣ is under Lac repressor control (22) . Incorporation of Abs into the gel shift assay with an E2F probe showed that untreated cells contained abundant E2F-Rb complexes and minor E2F-p130 complexes ( Fig. 2A) . Under standard conditions, isopropyl-ā-D-thiogalactopyranoside (IPTG)-mediated induction of C/EBP␣ led to a significant reduction of E2F-Rb complex and to the formation of a growth-inhibitory C/EBP␣-Rb-E2F-Brm complex, which was observed on the top of the gel (Fig. 2B ). This complex was previously detected in these cells by high-performance liquid chromatography-based size exclusion chromatography (9) . As shown in Fig. 2C , insulin-mediated dephosphorylation of C/EBP␣ blocked the formation of the growth-inhibitory C/EBP␣-Rb-E2F4-Brm complexes and led to the disruption of E2F-Rb complexes. Colony formation assay of untreated cells and cells treated with insulin showed that the disruption of E2F-Rb complexes by dephosphorylated C/EBP␣ correlated with acceleration of proliferation in HT1 cells (Fig. 2D ). The acceleration of proliferation by insulin-mediated dephosphorylation of C/EBP␣ was specific, since insulin did not affect proliferation of cells transfected with empty pAdTrack vector. Examination of C/EBP␣ in protein extracts isolated from experimental plates revealed that the treatment of cells with the insulin did not affect protein levels of C/EBP␣ (Fig. 2D ). Taken together, the studies of Rb-E2F complexes in HT1 cells supported the hypothesis that Ser193-dephosphorylated C/EBP␣ accelerates proliferation through disruption of E2F-Rb complexes. Since Ser193-dephosphorylated C/EBP␣ contains the intact region for the interaction with Rb, these observations suggest that the direct interaction of the dephosphorylated C/EBP␣ with Rb causes the disruption of the E2F-Rb complexes. To further examine this hypothesis and to elucidate precise molecular mechanisms, we performed a number of experiments with cultured cells and livers.
C/EBP␣-S193A mutant sequesters Rb into C/EBP␣-Rb complexes. Since the C/EBP␣-S193A mutant mimics dephosphorylated state of C/EBP␣, this mutant was used for the examination of the interactions of C/EBP␣ with Rb by Co-IP and GST pull-down assays. The experiments with C/EBP␣ mutants showed that WT C/EBP␣ and two other C/EBP␣ mutants (182 and 184) (25) interacted with cdk2, cdk4, Rb, and Brm. On the contrary, C/EBP␣-S193A mutant interacted strongly with Rb and much more weakly with cdk4, but no interactions of the C/EBP␣-S193A mutant with cdk2 and Brm were observed (Fig. 3A and B) . We next performed a careful examination of the amounts of Rb in C/EBP␣-S193A-Rb complexes and the amounts of free Rb in cells transfected with the C/EBP␣-S193A mutant. Figure 3C shows a protocol for these experiments. 3T3-L1 cells were infected with adenoviruses driving the expression of WT C/EBP␣ and the C/EBP␣-S193A mutant. In these experiments, we obtained an efficiency of transfections of approximately 92 to 95%. C/EBP␣ was immunoprecipitated from transfected cells, and Rb was examined in supernatants and in C/EBP␣ IPs. The major portion of Rb (80 to 85%) was associated with C/EBP␣, while free Rb represented only 15 to 20% of the total Rb (Fig. 3D ). In the case of WT C/EBP␣, Rb was observed in C/EBP␣ IPs as part of a complex with C/EBP␣, E2F4, and Brm (growth-inhibitory complex) (25) , while the C/EBP␣-S193A mutant failed to form this complex but sequestered Rb (Fig. 3E) . These data were consistent with results of gel shift assays showing the disruption of Rb-E2F complexes by dephosphorylated C/EBP␣ (Fig. 2B  and C) . Thus, these studies suggested that the sequestering Rb might be a major pathway by which the C/EBP␣-S193A mutant and Ser193-dephosphorylated C/EBP␣ cause the acceleration of cell growth. Ser193 is a key residue which is required for the switch of biological activities of C/EBP␣. Our experimental design for specific dephosphorylation of C/EBP␣ at Ser193 included treatment of cells with insulin. Insulin signaling affects many biological pathways, which might indirectly change biological functions of CEBP␣ (2, 11, 18, 19) . Therefore, we examined if dephosphorylation of Ser193 residue of C/EBP␣ was a key step in phosphorylation-dependent alterations of biological functions of C/EBP␣. For this goal, we mutated Ser193 to aspartate (S193D) to mimic the phosphorylation state of C/EBP␣ and to potentially remove the C/EBP␣-S193D molecule from insulin/ PI3K/Akt/PP2A-mediated control. Figure 4A to C shows that the C/EBP␣-S193D mutant strongly inhibited proliferation of 3T3-L1 cells and that the activation of the PI3K/Akt pathway by insulin failed to block the inhibitory activity of this constitutively active C/EBP␣ and to create a C/EBP␣ molecule that accelerated proliferation. Measurements of C/EBP␣ levels in experimental plates revealed that C/EBP␣ was expressed at the same levels in insulin-treated and untreated cells (Fig. 4C) . We next examined the protein-protein interactions of the constitutively active C/EBP␣-S193D mutant in 3T3-L1 cells. The WT and the C/EBP␣-S193D mutant were immunoprecipitated from 3T3-L1 cells, and cdk2, cdk4, Rb, and Brm were examined in these IPs by Western blotting with specific Abs. Figure  4D shows that the insulin/PI3K/Akt pathway failed to block the interaction of the C/EBP␣-S193D mutant with cdk's and Brm, while the interactions of WT C/EBP␣ with cdk2 and Brm were completely blocked in insulin-treated cells. Interestingly, the interaction of the dephosphorylated C/EBP␣ with cdk4 was reduced only to 30 to 50% but was easily detectable (Fig. 4D ). Taken together, these studies confirmed that S193 is a key residue of C/EBP␣, dephosphorylation of which changes growth-inhibitory activity of C/EBP␣ to the ability to accelerate proliferation. Both phosphorylation of Ser193 and the S193D mutation bring a negative charge to the growth-inhibitory region of C/EBP␣, suggesting that the addition of the negative charge to C/EBP␣ is a key step in the activation of the inhibitory activity of C/EBP␣. This suggestion is consistent with our studies of the hGIR of human C/EBP␣. Although both mouse and human regions are proline rich, they have slightly different sequences surrounding Ser193 (Ser190 in human C/EBP␣) ( Fig. 4A and E). Despite this difference, growth-inhibitory activity of hGIR is also regulated by phosphorylation-dephosphorylation of Ser190. Our data demonstrate that hGIR alone inhibited cell proliferation and that its inhibitory activity could be blocked by insulin signaling (Fig. 4E) . This insulin-dependent regulation required Ser190, since the mutation of Ser190 to Ala abolished the insulin-mediated block of inhibitory activity of hGIR (Fig.  4E) . In these experiments, we monitored the expression of hGIR with Abs to the His tag. As one can see in Fig. 4E (bottom), the expression levels of hGIR were not affected by insulin. Taken together, these studies demonstrate that the activation of the PI3K/Akt/PP2A pathway creates a new biological activity of C/EBP␣ through dephosphorylation of a single Ser193 residue.
C/EBP␣ binds directly to certain E2F-dependent promoters. We next examined if transcriptional activity of C/EBP␣ might play a role in the acceleration of growth. Although previous studies failed to connect the transcriptional activity of C/EBP␣ with the ability of C/EBP␣ to control the cell cycle, we considered this possibility because C/EBP␣ binds directly to certain E2F consensuses, such as one within the DHFR promoter (9). Since E2F targets are critical regulators of cell cycle progression, this interaction may contribute to the ability of C/EBP␣ to accelerate growth after dephosphorylation on Ser193. We first determined if other known E2F-dependent promoters could be directly bound by C/EBP␣. Point mutational analysis of the E2F consensus within the DHFR promoter showed that CGCGAAAT nucleotides within this promoter were required for the interaction with C/EBP␣ (9). Examination of known E2F binding sites for the presence of a similar sequence divided E2F promoters into two groups. One group (the c-myc group) did not contain this consensus and did not interact with C/EBP␣ (Fig. 5A) (9) . A second group of E2F-dependent promoters contained sequences that potentially might interact with C/EBP␣ (Fig. 5B) . Gel shift-supershift analysis with the dI-dC competitor (a specific inhibitor of E2F, which does not affect binding of C/EBP␣) showed that C/EBP␣ did bind to E2F binding sites within DHFR, E2F1, Ad2, p107, and the PCNA promoter (Fig. 3C) , while the interaction of C/EBP␣ with DNA polymerase ␣ and cdc2 promoters was very weak or not detectable. The binding of C/EBP␣ to E2F consensuses did not appear to involve E2Fs, since E2F activity is completely inhibited by the concentrations of dI-dC that were used in these experiments (2 g/10 l), and incorporation of Abs to E2F4 and E2F1 did not detect C/EBP␣-DNA complexes (data not shown). A parallel gel shift assay with salmon DNA competitor (which does not block E2F binding) confirmed that these sequences interacted with E2F4 and E2F-Rb complexes (Fig. 5D shows data for E2F1 and PCNA promoters). The interaction of C/EBP␣ with E2F consensuses was specific, since cold bZIP, DHFR, and AdE2 oligomers competed for the interaction (data not shown). Thus, this analysis revealed that C/EBP␣ directly interacts with E2F consensuses of certain E2F-dependent promoters and suggests that dephosphorylated C/EBP␣ may accelerate growth through direct regulation of E2F-dependent promoters.
To further determine if the direct binding of C/EBP␣ to E2F-dependent promoters might be involved in the regulation of liver proliferation, we examined by ChIP assay the occupation of these promoters by C/EBP␣ in livers that proliferate after PH. We have previously found that C/EBP␣ also interacts with E2F-dependent promoters in quiescent livers through the association with E2F, as the component of the C/EBP␣-Rb-E2F4-Brm complex (9) . To distinguish the direct and indirect interactions of C/EBP␣ with E2F-dependent promoters, the ChIP assay was performed with the c-myc promoter (C/EBP␣ does not bind directly) and with the DHFR promoter to which C/EBP␣ could bind directly or as the complex with E2Fs. Chromatin solutions were isolated from quiescent livers and from livers 8 h after PH; C/EBP␣, E2F1, and E2F4 were immunoprecipitated; and the presence of c-myc and DHFR promoters in IPs was examined by PCR with specific primers (9) . As can be seen in Fig. 5E , C/EBP␣ occupied the DHFR promoter in quiescent young livers through direct interaction, since it was not detectable on the c-myc promoter. Although PH dephosphorylated C/EBP␣ at Ser193 (Fig. 1A) , the dephosphorylated C/EBP␣ was also present on the DHFR promoter at 8 h after PH. The interaction of C/EBP␣ with DHFR promoter is specific, since C/EBP␣ was not detectable in the mock (agarose) control and on the c-myc promoter to which it did not bind directly. The occupation of the DHFR promoter by C/EBP␣ in proliferating livers suggests that the direct binding of C/EBP␣ to E2F-dependent promoters might contribute to the ability of dephosphorylated C/EBP␣ to accelerate cell proliferation.
The acceleration of cell proliferation by dephosphorylated C/EBP␣ requires functional Rb. Since both direct binding of C/EBP␣ to E2F-dependent promoters and sequestering Rb might be involved in acceleration of proliferation, we next examined a possible contribution of these interactions to growth promotion activity of dephosphorylated C/EBP␣ and the C/EBP␣-S193A mutant. To distinguish these pathways, we utilized two cell lines, SAOS2 and C33A, in which functional Rb is not expressed and therefore where cell growth cannot be affected through a depletion of Rb. WT C/EBP␣ and the C/EBP␣-S193A mutant were transfected into SAOS2 cells, and proliferation was examined by measuring BrdU uptake. As can be seen in Fig. 6A and B, the percentage of SAOS2 cells synthesizing DNA in cells transfected with empty vector was similar to that in cells expressing C/EBP␣-S193A mutant. The failure of the C/EBP␣-S193A mutant to increase DNA replication in SAOS2 cells suggested that Rb is required for the ability of the S193A mutant to accelerate cell proliferation. To further examine this suggestion, we performed a colony formation assay with Rb-negative SAOS2 cells transfected with WT C/EBP␣ and treated with insulin. Since SAOS2 cells are human cells, we used Rb-positive human fibrosarcoma HT1080 cells as the control. We have previously shown that C/EBP␣ inhibits proliferation of these cells (22) . Figure 6C and D shows a summary of these studies. Consistent with data obtained with mouse 3T3-L1 cells, the treatment of Rb-positive HT1080 cells with insulin not only blocked growth-inhibitory activity of C/EBP␣, but also increased proliferation of cells expressing C/EBP␣. On the contrary, no significant difference was observed in the proliferation of SAOS2 cells transfected with vector and in the proliferation of cells transfected with C/EBP␣ and treated with insulin. In untreated SAOS2 cells, WT C/EBP␣ inhibited proliferation, perhaps through inhibition of cdk2 and cdk4, since these kinases are associated with C/EBP␣ (Fig. 6E) . To confirm the role of Rb in the acceleration of proliferation, we performed similar experiments with a second cell line, C33A, in which growth-inhibitory activity of Rb was blocked (13) . Figure 6F shows that insulinmediated dephosphorylation of C/EBP␣ in these Rb-deficient cells also did not lead to acceleration of proliferation. Thus, (9) . Abs to C/EBP␣ and to C/EBP␤ were added to the binding reaction mixtures before the addition of probe. A gel shift assay with bZIP is shown as a positive control for C/EBP␣ binding. (B) Nucleotide sequences of E2F promoters that contain a potential C/EBP␣ binding site (marked by red letters) within E2F consensuses. (C) Gel shift assay with poly(dI-dC) competitor which specifically inhibits E2F binding. C/EBP␣ overexpressed in HT1 cells (9, 22) was incubated with E2F probes (shown on the bottom) and analyzed by native 5% gel electrophoresis. Abs to C/EBP␣ were added to the binding reaction mixtures. Positions of C/EBP␣ and the supershift (S) are shown on the right. (D) Gel shift assay with probes containing E2F consensuses from E2F1 and PCNA promoters under conditions specific for E2F binding (salmon DNA as a competitor). Abs to E2F4, p130, and Rb were added before the addition of the probe. Positions of E2F-Rb complexes are shown on the right. (E) C/EBP␣ occupies the DHFR promoter in proliferating livers. Chromatin solutions were prepared from quiescent livers and from livers at 8 h after PH. E2F1, E2F4, and C/EBP␣ were precipitated from the solutions by specific Abs. The IPs were examined by PCR with primers specific to c-myc (left) and the DHFR (right) promoters. I, input; Ag, mock-agarose control.
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on February 28, 2014 by PENN STATE UNIV http://mcb.asm.org/ the studies with two Rb-deficient cell lines demonstrated that Rb is required for the dephosphorylated C/EBP␣ and for C/EBP␣-S193A mutant to accelerate cell proliferation. Ser-193-dephosphorylated C/EBP␣ competes with Rb for the regulation of cell cycle division. We next examined if Rb was a primary target within pathway that leads to acceleration of proliferation. To address this issue, we asked if expression of Rb in Rb-deficient cells would restore the ability of the S193A mutant to accelerate proliferation. Rb-deficient SAOS2 cells were transfected with the S193A mutant and with Rb at Rb-S193A ratios of 1:2 and 1:4. Western blotting was performed with proteins isolated from experimental plates to monitor levels of transfected proteins. These data are shown in Fig. 7A . As can be seen, the expression of Rb and S193A proteins correlated with the amount of plasmid DNA transfected into the cells. The results of the colony formation assay are shown in Fig. 7A (bottom) . As can be seen, the S193A mutant did not accelerate proliferation of these cells, while Rb inhibited proliferation of SAOS2 cells. Cotransfections of Rb and the S193A mutant revealed that S193A eliminated Rb-mediated growth arrest. These data suggested that Rb is a direct target within the pathway by which the C/EBP␣-S193A accelerates proliferation. To further investigate this pathway, we performed similar experiments with Rb-positive 3T3-L1 and HEK293 cells. Since the C/EBP␣-S193A mutant accelerated proliferation of these cells, one would expect that the ratio of Rb and C/EBP␣-S193A would determine whether cells were arrested or had an increased rate of proliferation. Results of these studies with HEK293 cells are shown in Fig. 7B . Western blotting showed that Rb and the S193A mutant were expressed at expected levels. As expected, Rb alone inhibited proliferation of more than 95% of transfected cells, while the C/EBP␣-S193A mutant alone accelerated proliferation of these cells. If Rb and the C/EBP␣-S193A mutant cotransfected together, cell growth arrest-acceleration would depend on the ratios of these proteins. Under 1:1 and 1:2 ratios, cells proliferated at a rate close to that of control cells transfected with empty vector. If the C/EBP␣-S193A mutant was expressed at levels four-to eightfold higher than Rb, the proliferation of these cells was accelerated. The acceleration of proliferation under these ratios seemed to be mediated through sequestering endogenous Rb, since under these ratios the C/EBP␣-S193A mutant did not cause acceleration in Rb-deficient SAOS2 cells (Fig. 7A) . We also performed experiments in which Rb expression was inhibited by small interfering RNA (siRNA) in Rb-positive HEK293 and HT1080 cells. The C/EBP␣-S193A mutant was transfected into these cells expressing very low levels of Rb. Under our experimental conditions, the inhibition of Rb in these cells was sufficient to accelerate cell proliferation. The sequestering of remaining Rb by the C/EBP␣-S193A mutant had a minor effect above the acceleration of proliferation mediated by siRNA inhibition of Rb (data not shown). Since both siRNA and the C/EBP␣-S193A mutant targeted Rb, the acceleration of cell proliferation by siRNA-mediated inhibition of Rb supports the hypothesis that the C/EBP␣-S193A mutant accelerates proliferation of 3T3-L1 and HT1080 cells by neutralizing the inhibitory activity of Rb. Thus, these investigations demonstrated that Rb is the primary target within the pathway by which Ser193-dephosphorylated C/EBP␣ accelerates cell proliferation.
Dephosphorylated C/EBP␣ sequesters Rb in proliferating livers. Given that dephosphorylated C/EBP␣ accelerates proliferation in cultured cells by sequestering Rb, we examined if this activity of C/EBP␣ was involved in the promotion of liver proliferation after surgical resection. We first examined C/EBP␣-Rb interactions in mouse livers proliferating after PH. In this system, C/EBP␣ protein levels were reduced after surgery, and remaining C/EBP␣ was dephosphorylated on Ser193 (Fig. 1A) (25) . Co-IP studies with NEs from regenerating livers showed that although the expression of cdk2 and cdk4 was not reduced after PH (Fig. 8A) , C/EBP␣-cdk2-cdk4 complexes were not detectable after PH. However, the amounts of Rb in C/EBP␣ complexes were not changed despite the reduction of C/EBP␣ levels (Fig. 8B) . We observed a slight increase of Rb in C/EBP␣ IPs, which was within the variability of the Co-IP assay. Since C/EBP␣ is also dephosphorylated at Ser190 in human tumors (25) , we next examined if Ser190-dephosphorylated C/EBP␣ sequesters Rb in human tumors. Western blotting with Abs to ph-Akt shows that PI3K/ Akt was activated in human tumors and that PP2A (which removes a phosphate from Ser193) was increased in the nuclei of tumor sections (Fig. 8A) . Examination of cdk2 and Rb in C/EBP␣ IPs showed that cdk2 was no longer associated with C/EBP␣ in tumor samples, while amounts of Rb were not changed in C/EBP␣ IPs from the tumors. Total levels of cdk2 and Rb were not altered in tumors. These data are consistent with observations obtained with mouse livers and indicate that PI3K/Akt/PP2A pathway blocks the growth-inhibitory activity of C/EBP␣ but does not change its ability to interact with Rb and sequester Rb from Rb-E2F complexes. Thus, Co-IP studies show that Ser193-or Ser190-dephosphorylated C/EBP␣ interacts with Rb in proliferating livers and suggest that the Ser193-dephosphorylated C/EBP␣ may sequester a portion of Rb from E2F-Rb complexes-repressors.
To test if the sequestering Rb affects Rb-E2F complexes in proliferating livers, E2F gel shift-supershift assays were performed with NEs isolated from two tumor samples and from control sections. The reproducible result of these studies is shown in Fig. 8C . In control liver samples, Rb-E2F complexes were abundant and represented the majority of the E2F-Rb family complexes. Although the composition of E2F-Rb complexes was not changed in tumor samples, the amounts of Rb-E2F complexes were significantly reduced. The reduction of the E2F-Rb complexes in proliferation livers correlated with the abundant C/EBP␣-Rb complexes (Fig. 8B ) and was consistent with the hypothesis that dephosphorylated C/EBP␣ sequesters Rb from E2F complexes.
N-terminal region of C/EBP␣ is required for sequestering Rb from E2F complexes. We next examined if the direct interaction of Ser193-dephosphorylated C/EBP␣ with Rb is involved in the disruption of E2F-Rb complexes observed in livers. To address this issue, we performed experiments with the NEs isolated from mouse liver. Examination of the composition of E2F complexes in the mouse liver by gel shift assay demonstrated that quiescent livers expressed E2F-p130 and E2F-Rb complexes (Fig. 8D) . We then examined effects of full-length (FL) C/EBP␣ and two C/EBP␣ deletion mutants on the E2F complexes. Liver NEs were incubated with an excess of C/EBP␣ proteins and then examined by gel shift assay with the c-myc E2F probe, to which C/EBP␣ does not bind directly. Two mutants were used in these studies: C/EBP␣-⌬DLF, lacking the Rb-interacting region, and C/EBP␣-⌬ZIP, lacking the C-terminal zipper region but containing the Rb-interacting and growth-inhibitory regions (24) . Figure 8D shows that the incubation of FL C/EBP␣ with NEs completely disrupted the Rb-E2F complex and partially disrupted the E2F-p130 complex, while the ⌬DLF protein (Rb-interacting region deleted) did not affect E2F-Rb complexes. Similar to HT1 cells, the disruption of E2F-Rb complexes by FL C/EBP␣ was accompanied by the appearance of a high-molecular-weight C/EBP␣-Rb-E2F4-Brm complex (Fig. 8D) . It is interesting that the addition of C/EBP␣-⌬ZIP (which lacks the C-terminal zipper region) disrupted E2F-Rb complexes and also formed the new high-molecular-weight complex. Taken together, these results show that the Rb-interacting region is required for the sequestration of Rb from E2F-Rb complexes.
DISCUSSION
Data presented in this paper describe a new function of C/EBP␣, which is generated in proliferating livers by dephosphorylation of C/EBP␣ and which supports liver proliferation.
Previous studies showed that C/EBP␣ is a strong inhibitor of liver proliferation, suggesting that C/EBP␣ should interfere with liver proliferation after surgical resections and in tumor samples; however, livers proliferate and express high levels of C/EBP␣ (6, 25) . This suggested that the liver might initiate pathways to reorganize activities of key regulators of cell cycle progression, such as C/EBP␣, to promote proliferation. Recent publications revealed that one of these pathways might be the phosphorylation of C/EBP␣ (17, 25) . Previous studies demonstrated that mechanisms of C/EBP␣-mediated growth arrest are complicated and involve interactions with several cell cycle proteins (9, 13, 14, 15, 23, 24, 26, 27) . Our recent findings show that these interactions are tightly regulated in cells and might be used as pathways to inhibit cell proliferation, as well as serve as pathways to accelerate cell growth. In this paper, we investigated molecular mechanisms by which Ser193-dephosphorylated C/EBP␣ accelerates cell proliferation. Discovery of this new biological function of C/EBP␣ is quite surprising, since it is opposite to the well-characterized growth-inhibitory activity of C/EBP␣. On the basis of our previous data, we considered two pathways by which Ser193-dephosphorylated C/EBP␣ might increase rates of proliferation: (i) direct binding to and activation of E2F-dependent promoters and (ii) sequestering Rb from E2F-Rb complexes-repressors. Both these pathways target a key event of cell cycle progression: activation of Sphase and mitotic-specific genes (3). Data obtained with a variety of cultured cells and with the mouse livers suggest that sequestering Rb is a major mechanism by which Ser193-dephosphorylated C/EBP␣ accelerates proliferation. Because Ser193-dephosphorylated C/EBP␣ is created by the PI3K/Akt/ PP2A pathway in mouse livers after PH and in human tumors (25) , we examined this mechanism with mouse (3T3-L1) and human (HT1080) cells, as well as with Rb-deficient SAOS2 and C33A cells. Experimental data from all of these cells show that Rb is a primary target of Ser193-dephosphorylated C/EBP␣. A hypothetical pathway by which dephosphorylated C/EBP␣ sequesters Rb and accelerates cell proliferation is shown in Fig.  9 . In the quiescent liver and in cultured cells that have reduced PI3K/Akt/PP2A activity, C/EBP␣ inhibits proliferation through two pathways: inhibition of cdk's and E2F repression. The activation of the PI3K/Akt/PP2A pathway in proliferating livers and in cultured cells eliminates growth-inhibitory activity of C/EBP␣ by dephosphorylation of Ser193. Moreover, the remaining interactions with Rb lead to sequestering Rb from E2F-Rb repressor complexes and to the neutralization of Rbmediated repression of the cell cycle progression. Thus, our model suggests that the elimination of growth-inhibitory activity of Rb by Ser193-dephosphorylated C/EBP␣ causes the acceleration of cell proliferation.
The interaction of C/EBP␣ with Rb was discovered in 1996 in work carried out in Lee's laboratory (1) and was later confirmed by other studies (14, 15, 24) . These investigations demonstrated that Rb increases the binding of C/EBP␣ to promoters and the activation of C/EBP␣-dependent genes (1, 14) . In the light of these publications, the association of C/EBP␣ with Rb in proliferating livers (Fig. 8A) suggests that the ability of C/EBP␣ to activate liver-specific genes is not decreased after PH, despite the reduction of total protein levels of C/EBP␣. Our unpublished observations confirm this suggestion. In this paper, we focused our studies on the detailed examination of 1336 WANG AND TIMCHENKO MOL. CELL. BIOL.
on February 28, 2014 by PENN STATE UNIV http://mcb.asm.org/ mechanisms by which the Ser193-dephosphorylated C/EBP␣ accelerates cell proliferation. This new activity of C/EBP␣ is tightly regulated in cultured cells and in the liver by signal transduction pathways such as insulin/PI3K/Akt/PP2A, which is activated after PH (25) . We also found that a molar ratio of Ser193-dephosphorylated C/EBP␣ and Rb is crucial for cell fate. Data from Rb-negative and Rb-positive cells showed that expression of Ser193-dephosphorylated C/EBP␣ over Rb levels blocks Rb-mediated growth arrest, while overexpression of Rb above the levels of Ser193-dephosphorylated C/EBP␣ eliminates growth promotion activity of the Ser193-dephosphorylated C/EBP␣. In addition to the interactions with Rb, dephosphorylated C/EBP␣ is able to bind to DNA and activate promoters (25) . Experiments in Rb-deficient SAOS2 cells clearly showed that Rb is required for the growth promotion activity of Ser193-dephosphorylated C/EBP␣. Although these observations favor the hypothesis that dephosphorylated C/EBP␣ accelerates proliferation via sequestering Rb, they do not rule out the possibility that the direct interaction of C/EBP␣ with E2F-dependent promoters of the cell cycle genes also contributes to the promotion of proliferation. In fact, examination of E2F-dependent promoters in the livers showed that the Ser193-dephosphorylated C/EBP␣ occupies the DHFR promoter in proliferating livers. However, the contribution of this pathway is not clear. Further experiments are necessary to elucidate this issue. Co-IP data showing that a portion of Rb is associated with C/EBP␣ in proliferating livers and observations in cultured cells strongly suggest that Ser193-dephosphorylated C/EBP␣ promotes proliferation by sequestering a portion of Rb from E2F-Rb complexes-repressors. Since Rb and C/EBP␣ are key proteins that maintain liver quiescence, our data provide a new mechanism by which proliferating livers neutralize growth-inhibitory activity of both C/EBP␣ and Rb.
